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Abstract
A large variety of experimental works has been done since the discovery of nuclear ﬁssion, aimed at studying diﬀerent aspects
of the phenomenon. Yet our comprehension of the ﬁssion process is not complete. This is, among others, due to a certain
lack in multi-parameter experimental data. An example here is the correlation between fractional independent yields of ﬁssion
products and neutron and gamma-ray multiplicities. Fragment-gamma-neutron measurements, especially if correlated with ﬁssion-
fragment kinetic energies, give the complete set of observables and are therefore of interest from the point of view of modeling and
understanding of the ﬁssion process. A two-arm spectrometer of ﬁssion products (STEFF) has been recently built at the Manchester
University. In addition to the identiﬁcation of masses from complementary ﬁssion products, by the double energy / double velocity
measurement, the spectrometer is capable of delivering information on their nuclear charges, on the event-by-event basis. The
spectrometer also comprises an array of NaI and may house a further array of neutron detectors. In such conﬁguration, STEFF has
been used at the ILL neutron guide at the benchmark experiment 235U(nth, f ). Details on the experiment will be presented, results
on the identiﬁcation of atomic numbers in the light group of ﬁssion products will be demonstrated and the perspectives discussed.
c© 2013 The Authors. Published by Elsevier B.V.
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1. Introduction
Fission is a complicated process producing a wide range of nuclei with diﬀerent degrees of deformation and ex-
citation. The excitation energy acquired at the scission point is liberated mainly via prompt emission of neutrons
and γ-rays as the fragments decay to their ground states. The output channel of the reaction is therefore containing
a set of nuclei characterized by their mass and atomic numbers, as well as by the number of emitted neutrons and
γ-rays linked to the amount of excitation of the primary nuclei. The maximal number of observables is wished to be
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recorded in experiment, in order to provide the most complete data set for the understanding of the process of ﬁssion.
Despite the multitude of experimental works made on ﬁssion since the time of its discovery, we are still at the point
to state that the mechanism of the reaction escapes our full theoretical understanding and description. This is mainly
due to the complexity of the nuclear force and the interplay between the collective and individual excitations in a
compound nucleus, but also due to technical challenges in assessing all the observables at the same time. One of the
concerns here is the amount of excitation acquired at the point of scission by individual ﬁssion products from every
mass split of a mother nucleus, and its division between possible de-excitation branches. The total energy released in
ﬁssion becomes a known quantity as soon as every pair of complementary products is identiﬁed by mass and atomic
numbers. The excitation energy can then be obtained from the energy balance if the kinetic energy of fragments is
an experimental observable. Whereas the masses can be deduced from the energy or time-of-ﬂight/energy correlation
measurements, the identiﬁcation of atomic numbers, in the case of non-accelerated ﬁssion products, is a standing-
alone problem. Therefore, an ideal multi-parameter experiment should identify ﬁssion products by their masses and
atomic numbers measured in coincidence with the emitted irradiation and linked to the amount of excitation, on an
event-by-event basis. Such kind of measurement would allow the most complete analysis of the ﬁssion process to be
performed; it would also deliver benchmark information for nuclear codes, by providing access to experimental data
on neutron and γ-ray multiplicities in selected regions of ﬁssion-product masses, atomic numbers and excitations.
2. Experimental setup
An experimental device has been constructed at the University ofManchester (UK) allowing such a multi-parameter
measurement to be made. The Manchester STEFF detector permits direct identiﬁcation of ﬁssion products along with
their associated γ rays and neutrons (see ref. (Tsekhanovich et al., 2007) for a detailed description). It consists of two
arms, each comprising a time-of-ﬂight (TOF) detector coupled to a wide-angle axial ionization chamber (IC) (see
Fig. 1). The time of the ﬁssion event is measured by the passage of a ﬁssion fragment through a secondary-electron
Fig. 1. Overview of STEFF.
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channel plate detector (START) close to the target. In each arm an additional secondary-electron detector (STOP) is
used to complete the TOF measurement. Both STOP detectors use large-area multi-wire proportional counters for
secondary-electron detection. The wide-angle acceptance axial ionization chambers with multi-segmented anodes
serve as energy detectors for ﬁssion products. To create the best conditions for the energy resolution (minimization
of losses and noise protection), the ionization chambers house a board of charge-sensitive preampliﬁers specially
designed for the use at vacuum conditions. Consequently, the energy resolution of the ICs depends mainly on the
thickness of the window and can be as good as 0.5MeV (Oed et al., 1994). The ionization chambers have an intrinsic
eﬃciency of 100 % for nuclei from ﬁssion and show no response to neutron or γ irradiation. They are similarly
insensitive to α-particles, as long as the beam intensity is low enough to avoid a pile-up, provided the IC is operated
at low gas pressure. The selectivity of the ion chambers towards fragments is improved by the use of digital elec-
tronics aimed at numerical treatment of the pulse traces. This allows every IC to be used as ﬂexible ΔE/E detector,
in which the transmission depth of fragments can be analysed as a function of stopping time, in the oﬀ-line analysis,
thus permitting the optimal conditions for the atomic number identiﬁcation. STEFF also comprises an array of 12
large-volume NaI detectors placed at a distance of 20cm from the targe (energy resolution of 7%, total eﬃciency of
6,7%); it can also be equipped with other types of neutron or γ-ray detectors. In December 2011, the whole STEFF
setup has been installed at the cold neutron beam PF1 of the Institut Laue-Langevin in Grenoble (France), tested to
satisfy the ILL safety/security requirements and brought to the operational mode. The ﬁrst full-scale experiment (25
days of continous beam time) has taken place in June/July 2012, where prompt γ-rays and neutrons emerging from
fragments from a thin 235U target were recorded in conjunction with their time of ﬂight and kinetic energies.
3. Mass and atomic number determination
In the experiment, masses of ﬁssion products have to be deduced from the velocity v and kinetic energy Ekin
measurements :
A =
2Ekin
v2
;
ΔA
A
=
√
(
ΔEkin
Ekin
)2 + (2
ΔT
T
)2 (1)
The mass resolution depends therefore on the precision of the TOF and energy measurement. For the current STEFF
geometry, the combination of the energy and TOF measurements should allow determination of the mass number
with a resolution of about 2 %. The mass resolution achieved in the experiment could be estimated from the obtained
global mass distribution by comparaison with the tabulated data (see Fig. 2). This way, the real mass resolution was
deduced to amount to 3amu, with the value being mainly determined by the precision on the TOF measurement. As
Fig. 2. Light fragment mass distribution by the energy/velocity method in arm 1 using 5 days from the June 2012 run.
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the masses are not absolutely resolved, the nuclear charges should be assigned to the global analysis, either.
On the event-by-event basis, the separation of nuclear charges should be possible, at least for the light ﬁssion-
fragment group. This can be done in the analysis of the pulse traces sampled by the digital electronic modules coupled
to the IC anode outputs. The loss of energy by nuclei in a detector is a function of the nuclear charge. Therefore their
shape and length contain signatures on the fragments atomic number. All the processing of the pulses has to be done
algorithmically. The recorded traces of ﬁssion products allow their nuclear charge to be assessed either by the analysis
of the speciﬁc energy loss (i.e., the energy lost per unit of length) or of the total range in the detector (see Fig. 3(a)).
We have intensively explored the former. According to Bethe and Block (Bethe et al., 1953), the speciﬁc energy is
Fig. 3. (a) Charge collected at one of the anodes as a function of the collection time for two fragments with diﬀerent kinetic energies; (b)
Deconvolution of speciﬁc energy loss signals into single isobars, made for A = 82, 87 and 92 at Ekin = 100MeV .
proportional to the atomic number in power of 2/3, for the fragments with the same velocity:
dE
dx
= c3Z
2
3
FFs (2)
The selection on the velocity is trivial with STEFF as it measures TOF for every fragment. Besides, one has access
to any point of the fragment trace. Consequently, for every velocity-selected event, the pulse curve can be scanned
algorithmically. The ﬂexibility in the dE/dx analysis given by the digital electronics allows the charge resolution to
be optimized.
To test the charge resolving power of the STEFF detectors, in September 2011 an experiment has been made
at the Institut Laue-Langevin (ILL) in Grenoble (France). One of the STEFF ICs was installed at the ILL mass-
separator Lohengrin (Mohl et al., 1977) which provides beams of ﬁssion products with known energy and isobaric
composition. Pulse traces have been recorded for diﬀerent kinetic energies of light ﬁssion products (up to the mass
A = 103). The analysis of pulse traces in terms of the speciﬁc energy loss allowed the isobaric decomposition of
the mass-selected beams to be made. Fig. 3(b) gives an example of the achieved charge separation: the individual
isobars are not completely resolved and the relative spacing between them decreases with the mass number. That’s
why mathematical ﬁt functions are used to obtain the isobaric yield. The comparison of the isobaric yield obtained
with the known experimental data (Lang et al., 1980) validates our technique.
In the 235U(nth, f ) experiment, since the range of nuclear charges to identify is signiﬁcantly smaller than the range
of masses, the task appears to be real but requires good statistical evidence. The target/beam combination delivered
only several tens of Hz for the count rate in the experiment. Though the experiment lasted for more than 3 weeks
and the total number of collected events was high, the low count rate did not allow collecting enough events in a
reasonably short time in the desired velocity window, to make the identiﬁcation of nuclear charges unequivocal. This
is demonstrated in Fig. 4 where the data collected over several hours are analyzed for Zs. Analysis of data over longer
measuring times becomes more diﬃcult as the initial structures seen in Fig.4 get washed out. To progress, careful
corrections for electronic drifts have to be made. This work is currently in progress.
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Fig. 4. Speciﬁc energy loss signals for velocity-selected fragments: the arrows approximate position of individual nuclear charges.
4. Prompt γ-rays and neutron multiplicities
Thanks to an array of 11 NaI detectors and 7 NE213 detectors, at least the multiplicity of prompt γ-rays and
neutrons can be deduced from the measured data. Fig.5(a) shows the timing spectrum of one of the NaI detectors.
It is clearly seen from the spectrum that gammas and neutrons are well separated by the TOF. We have simulated
the array of γ-ray detectors, in order to convert the measured fold distribution into the γ-ray multiplicity distribution.
The simulation creates ﬁssion events by sampling from the statistical probability distribution used by Huizenga and
Vandenbosch (Huizenga et al., 1960). Two independent geometrical probability distributions are used to generate the
number of statistical γ-rays from each fragment. A fold distribution is then created by combining the multiplicity with
the result of a second Monte Carlo method that calculates the response of the detector array; it is then compared to
the experimental fold distribution. This technique has been tested and improved with 252Cf data (Pollitt thesis , 2012)
before being applied to 235U data. The results of this ﬁt are shown in Fig. 5(b). A mean multiplicity M = 7.79 ± 0.14
is obtained from the ﬁt (see Fig. 5(c)) and the corresponding spin parameter is B = 6.7+0.5−1.0. Despite the simplicity
of the model, the results agree quite well with previous experiments, in that spin is approximately 6 and multiplicity
7 (Denschlag et al., 1981). Further analysis will be conducted including GEANT4 simulations to better calculate the
multiple-hit probabilities in the NaI detectors and measurements of the angular distribution of the γ-rays to better
determine their angular momentum properties.
Fig. 5. (a) Timing spectrum of one of the NaI detectors; (b) Gamma-ray fold distribution: STEFF measurement (black) are matched to Monte Carlo
simulation (red); (c) Gamma multiplicity distribution shows mean multiplicity 7.79 ± 0.14.
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Having validated the method for the γ-ray multiplicity determination, the analysis in selected bins of ﬁssion frag-
ment masses, atomic numbers and excitation energy becomes straightforward. The same holds for the neutron emis-
sion. This part of the work is in progress.
5. Conclusions
This multi-parameter measurement made with the 235U target allows us to perform a complete analysis of the
ﬁssion process to within the above-mentioned limitations of the resolving powers of STEFF. Being already not worse
than with analogue methods, the resolving powers can be further increased by improving on the precision of the
TOF measurement, as well as by implementation of additional gating conditions due to the use of auxiliary detectors.
The array of scintillators together with the capability of distinguishing between prompt neutrons and prompt γ-rays
means that the multiplicity and energy distributions become practically for the ﬁrst time measurable as a function of
mass. New knowledge can also be obtained from this measurement, from the access to the amount of total excitation
of complementary ﬁssion fragments, deduced as diﬀerence between the reaction and total kinetic energy; the latter
being measured experimentally. The inﬂuence of the excitation energy can hence be studied on the neutron and γ-ray
multiplicities in diﬀerent regions of the mass distribution. This is of interest for the validation of nuclear codes, as well
as for the better comprehesion of the excitation energy sharing mechanism at low-energy ﬁssion reactions. Gamma-
ray multiplicities and angular distributions will also be used to give systematic information on the variation of mean
spin and alignment with mass and excitation energy. The analysis of the data is in progress. It should be stressed that
the range of target nuclei which can be used in STEFF is not limited to 235U. The above described experiment can
therefore be repeated with other ﬁssile nuclei (Np, Pu, etc.), the feasibility mainly determined by the availability of
the corresponding target material and by the local safety regulations at the nuclear-physics facilities providing beams
of interest to provoke ﬁssion.
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